containing 1 x 106 to 2 x 106 CFU of Staphylococcus aureus or Escherichia coli in media with physiological concentrations of Na+, K+, Mg2+, and Ca2 . Two fractions, containing polypeptides with apparent molecular weights ranging from 28,000 to less than 12,000, caused rather selective and rapid (5 to 20 min) killing of S. aureus. Their action was accompanied by significant binding to the grampositive bacteria of some low (<12,000)-molecular-weight components. Other Sephadex G-50 fractions, containing the first emerging proteins with relatively high molecular weights, were more active on E. coli than on S. aureus. With the gram-negative bacteria there was a 10-min delay in the onset of bactericidal activity, which thereafter developed very fast. On the basis of the in vitro potency of the large-granule bactericidal proteins, we suggest that even partial discharge of granule content into the phagosomes may supply the phagocytic vacuoles of bovine neutrophils with a very efficient nonoxidative bactericidal system acting on both gram-positive and gram-negative microorganisms.
Lysates of bovine neutrophils exert a significant bactericidal activity toward gram-positive and gram-negative bacteria under conditions in which extracts of human neutrophils are virtually inactive (5) . The bactericidal factors of the bovine cells are confined to a novel population of large granules different from azurophils and specific granules (4; R. Gennaro, B. Dewald, U. Horisberger, H. U. Gubler, and M. Baggiolini, submitted for publication). Their bactericidal activity is exerted in a wide range of pH with a maximum between pH 7 and 8, and this activity, although decreasing with increasing ionic strength, is still very marked in physiological saline solutions (4, 5) .
After exposure of the bovine neutrophils to either soluble or particulate stimuli, the large granules discharge their constituents extracellularly as well as into the phagosomes (4; Gennaro et al., submitted for publication). The content of phagocytic vacuoles of normal neutrophils is very likely isotonic and may remain slightly alkaline for several minutes after phagocytosis (14) . Thus, the bactericidal factors of the large granules may provide an important mechanism of physiological suppression of bacterial growth.
We have extracted the bactericidal proteins from the bovine neutrophil granules, separated the extract into several fractions, analyzed the polypeptide composition and the bactericidal activity of these fractions, and identified some of the active components. Our findings are described in this report.
MATERIALS AND METHODS Neutrophils. Neutrophils were purified from fresh bovine blood anticoagulated with EDTA, essentially as described by Carlson and Kaneko (2, 5). Briefly, the blood was centrifuged for 15 min at 1,000 x g, and the erythrocytes in the lower packed-cell phase were lysed with cold deionized water. Granulocytes were collected by centrifugation for 10 min at 150 x g, washed two times with phosphate-buffered saline (PBS) (137 mM BACTERICIDAL PROTEINS OF BOVINE NEUTROPHILS 685 (Kontes Glass Co., Vineland, N.J.) equipped with a tight-fitting pestle (type B). After 30 to 60 strokes, causing 50 to 60% cell disruption, unbroken cells and nuclei were sedimented for 10 min at 250 x g. The total granule population present in the resulting supernatant was collected by centrifugation for 10 min at 20C and 10,000 x g.
Zonal differential sedimentation of granules was performed in a Beckman SW28 rotor. A 2-mI portion of the 250 x g supernatant was layered on a discontinuous density gradient formed by four 7.5-mi steps of 14, 18, 22, and 26% (wt/wt) sucrose in 10 mM imidazole-hydrochloride (pH 7.4) standing on a cushion of 3 ml of 55% (wt/wt) sucrose. After the rotor was operated for 15 min at 0°C and 16,000 x g (ray = 11.8 cm), the gradient column was subdivided into 10 fractions by displacement with 55% sucrose. As indicated by the distribution of enzyme markers and bactericidal activity (4), this procedure permitted a clear separation between azurophil and specific granules and fastsedimenting large granules. The peroxidase-rich eosinophil granules sedimented on top of the sucrose cushion.
Acid extraction, concentration, and dialysis of granule proteins. The following operations were carried out at 0 to 2°C. Granule pellets were extracted with 10 volumes of 0.2 M sodium acetate (pH 4.0) for 2 h with continuous stirring (12 Gel filtration. The two pools of proteins recovered from the CM-cellulose step were subsequently chromatographed on a column (2 by 100 cm) of Sephadex G-50 (Pharmacia, Uppsala, Sweden) equilibrated with 0.1 M NaCl in 5 mM sodium acetate (pH 4.0). Elution from the column was performed with the same buffer at a flow rate of 35 ml/h, and the eluted material was collected in fractions of 5 ml. Fractions were pooled as described below, concentrated by ultrafiltration, and stored frozen at -20°C.
Bacteria. Staphylococcus aureus ATCC 6538 and Escherichia coli ATCC 8739 were grown overnight on brain heart infusion agar medium (Difco Laboratories, Detroit, Mich.) and harvested in sterile PBS containing 0.9 mM CaCl2. Densities of bacterial suspensions were determined at 600 nm, using a standard curve relating absorbance to number of CFU.
Assays of bactericidal activity. Assays of bactericidal activity were performed in sterile plastic tubes in a total volume of 0.3 ml of PBS with 0.9 mM CaCl2. Bacteria (0.7 x 106 to 3 x 106 CFU) were incubated at 37°C with various amounts of granule proteins in a shaking water bath. Controls contained 100 ,ug of bovine serum albumin (BSA). The incubation time was 30 min unless otherwise indicated. At the end of the incubation, the assay mixtures were serially diluted up to 105-fold with a sterile saline solution (127 mM NaCl, 3.8 mM KCI, 1.6 mM Na2HPO4, 0.6 mM KH2PO4 [pH 7 .0]), and 0.1 ml of three dilutions was plated in duplicate on brain heart infusion agar (for S. aureus) or nutrient agar (Difco) (for E. coli). After 16 to 20 h at 37°C, CFU were counted.
Uptake of granule proteins by bacteria. Purified granule fractions (80 ,ug of protein) were incubated at 37°C for 15 min with 109 CFU in 0.2 ml of PBS with 0.9 mM CaCl2. Assay mixtures were centrifuged for 15 min at 10,000 x g, and the supernatants obtained were recentrifuged under the same conditions. The final supernatants were then assayed for bactericidal activity and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Electrophoresis and protein determination. SDS-PAGE was performed on 10 to 20%o linear gradient gel slabs according to the method of Laemmli (7). Acidic PAGE was carried out in the presence of urea as described by Spiker (15 Table 3 .
three major components of the granule Kinetics and potency of bactericidal activity of a polypeptide with an electrophoretic fractions A, D, and H. To test the effectiveness identical to that of authentic bovine of the bactericidal factors of the large granules, lactoferrin (molecular weight, 90,000) and two other peptides with apparent molecular weights of 18,000 and 14,000 (Fig. IA, lanes a and b) . Pools 2 and 3 were generated by protein fractions eluted from CM-cellulose with 0.3 and 1 M NaCl (55.3 and 64.3 mg of protein, respectively). The patterns of SDS-and acidic PAGE of these pools indicated that they contained a number of different polypeptide species with molecular weights ranging from less than 12,000 to 90,000 (pool 2) or 57,000 (pool 3) (Fig. 1A, lanes c and  d) and cathodal mobilities both higher and lower than those of the reference proteins RNase and lysozyme (Fig. 1B, lanes c and d) . The bactericidal activity of the granule extract was recovered in pools 2 and 3, which account for less than 7% of the original granule proteins (Table  1) .
Gel filtration of bactericidal proteins. Separation of the bactericidal proteins of pools 2 and 3 according to their size was accomplished by gel permeation through a column of Sephadex G-50, E. coli was also exerted at very low protein concentrations (Fig. 5) . However, expression of this activity occurred after a lag time of 10 min. A delayed onset of bactericidal effects on E. coli was also seen with either intact granules or unfractionated granule extracts (data not shown).
Uptake by S. aureus of polypeptides from active fractions. The aim of these experiments was to obtain a preliminary indication on the possible correlation between bactericidal activity and selective absorption or internalization (or both) of proteins by bacteria. S. aureus or E. coli was After removal of the bacteria by centrifugation, the supematant fluids were subjected to SDS-PAGE.
S. aureus cells removed to a considerable extent the low (<14,000)-molecular-weight proteins from both fractions (Fig. 6 ). This correlated with a 70 to 100% loss of bactericidal activity from the supernatants when tested on S. aureus (data not shown At first glance, the bactericidal proteins described here resemble some microbicidal factors of granulocytes and macrophages of other animal species (3, 9-12, 16, 17) . There are, however, some subtle yet important differences. First, the bovine neutrophil proteins are very active in vitro in media with physiological pH and concentrations of mono-and divalent cations (Na+, K+, Mg2+, and Ca2+). In contrast, the activity of the phagocyte bactericidal proteins so far described may be inhibited to a considerable extent or even prevented at high ionic strength or in the presence of Ca2+ and Mg2+. Second, the bovine antibacterial factors are confined to a granule population which is different from those normally present in the granulocytes of other animal species (4, 16) .
In conclusion, the data reported here help to outline the inventory of bactericidal factors which reside in the large granules of bovine neutrophils. Furthermore, they also indicate that the potential activity of these factors in phagosomes is likely to be very high. In fact, as an example, it can be calculated that 106 neutrophils should contain about 30 ng of proteins of fraction D. The volume of the fluid content of phagosomes per million phagocytizing neutrophils should be in the order of a few tenths of a microliter. Thus, even a partial (10 to 15%) discharge into the phagosomes of the granule peptides of fraction D should lead to intravacuolar peptide concentrations comparable to those that kill 106 S. aureus cells in vitro within a few minutes.
A well-known microbicidal mechanism of granulocytes uses active 02 derivatives, such as H202, 02, and OH-, which are generated during phagocytosis (1, 6, 13). An alternative or additional mechanism is thought to be independent of the activation of 02 metabolism, relying on the release of antibacterial granule proteins into the phagosome (6, 16) . In view of the potency of the bactericidal proteins of the large granules, we suggest that the 02-independent mechanism of bovine neutrophils is actively involved in host defense against both grampositive and gram-negative bacteria.
